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ABSTRACT 
Analysis of Aquifer and Operational Conditions for Successful Soil Aquifer Treatment of 
Treated Wastewater via Synthesis of Published Full-Scale and Laboratory-Scale Studies 
Matthew Murray 
 
Soil aquifer treatment (SAT) of treated wastewater performance was evaluated across 
published full-scale and lab-scale studies developing insights on the aquifer and 
operational factors that affect SAT efficacy. The goal of this study was to develop a basis 
for predicting the contaminant removal capabilities of any given aquifer during managed 
recharge with treated wastewater. 
Over 40 published SAT studies were reviewed and systematically compared to determine 
the influence of five major factors on contaminant removal performance: geologic 
composition, geochemical conditions, hydrogeological conditions, operational methods, 
and source water quality. Removal mechanisms for standard contaminants (dissolved and 
total organic carbon, nitrogen, and pathogens) were considered for each factor. By 
supplementing the theoretical understanding of contaminant removal in SAT systems 
with full scale and lab scale results, recommendations were developed for practical and 
effective SAT feasibility standards. 
SAT of standard contaminants was found to be most effective in aquifers with a water 
table below 20-meters. SAT was also most favorable for source water with 10 to 20-mg/L 
of bulk organics and less than 10-mg/L of total nitrogen. Moreover, extended residence 
times in the saturated zone provide little additional bulk organic and nitrogen removal for 
aquifers with vadose zones that achieve more than 85% of total bulk organic removal. 
The results of this study should enhance feasibility studies for future soil aquifer 
treatment projects, thereby facilitating the use of sustainable indirect potable reuse.  
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1. INTRODUCTION 
 
As aquifer overdraft and surface water depletion threaten drinking water supplies 
throughout the world, public agencies are turning to wastewater reclamation for drinking 
water security. Indirect potable reuse (IPR), defined as potable use of treated wastewater 
after passing through at least one environmental buffer (Jansen, Stenstrom, & de Koning, 
2007), has proven to be a safe and economical way to augment water supply in many 
areas. IPR has been especially effective in arid and semi-arid climates experiencing 
increased water supply shortages like Southern California (Yuan, Van Dyke, & Huck, 
2016). As of 2017, eight IPR projects recycle 65 billion gallons of water per year in 
California (Farr, 2017). This is increasing as the California State Water Board issued a 
mandate for an increase of recycled water by 650 billion gallons per year by 2030 
(CASWRCB, 2009). 
Aquifers are a common environmental buffer used for IPR. During surface spreading 
operations, highly treated wastewater discharged to basins, lakes, or streams percolates 
through the subsurface before entering the groundwater aquifer. As it travels through the 
vadose and saturated zones, biodegradation and adsorption provide additional 
contaminant removal (US EPA, 2017). This process, called soil aquifer treatment (SAT), 
helps treated wastewater reach drinking water standards.  
According to the US EPA (2017), “SAT, given a suitable aquifer, is considered the most 
economical potable reuse alternative.” SAT utilizes the natural treatment potential of 
existing soil matrices rather than extensive wastewater treatment train upgrades. 
Additionally, SAT uses less energy and creates no brine, compared to reverse osmosis-
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based advanced treatment (Trussell S. , Trussell, Qu, & Trussell, 2017). Moreover, 
storing reclaimed water in aquifers repels sea-water intrusion, and it reduces surface 
impacts and evaporative losses that occur using reservoir storage (Bekele, Toze, 
Patterson, & Higginson, 2011).  
In IPR, it is imperative that water is safe for consumption by the time it reaches drinking 
water wells. Not all aquifers provide the necessary treatment for reuse. The efficacy of 
SAT systems is influenced by many factors, including aquifer geologic and geochemical 
properties, surface spreading operational methods, and source water quality. Numerous 
studies have examined these factors using in-situ measurements, pilot, and lab-scale 
experiments. Despite the breadth of these studies, however, there remains no method to 
accurately predict SAT performance at a proposed recharge site using only geotechnical 
survey data. 
The objective of this study is to engender a framework which simplifies the 
implementation of SAT projects. By considering the role and mechanisms of the key 
aquifer factors in breaking down contaminants of concern in secondary wastewater, we 
can begin to develop a basis to evaluate the suitability of SAT at a proposed site.  
Specifically, we intend to examine the key aquifer factors that support effective SAT 
operations and the mechanisms of breakdown for total organic carbon and nitrogen-
containing species in treated wastewater effluent. Through evaluation of both full-scale 
and bench-scale SAT studies, we will propose key aquifer and operational considerations 
for effective SAT, facilitating opportunities for aquifer restoration or indirect potable 
reuse. 
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2.  SAT FACTORS 
 
SAT is a passive process, dependent on the existing soil and biological matrices present 
in the vadose and saturated zones. Every aquifer is unique, so treatment potential must be 
assessed for each case. Indeed, the efficacy of any SAT operation is contingent on 
characteristics specific to the aquifer, operating methods, and specific effluent quality in 
evaluation. The five key factors addressed in SAT feasibility studies are geologic 
composition, geochemical conditions, hydrogeological conditions, loading operations, 
and source water quality (Sharma & Kennedy, 2017; Sharma, Harun, & Amy, 2008).  
2.1. Geologic Composition 
Geologic composition, as it is referred to here, describes the mineral and organic 
constituents of a soil profile which are relevant to SAT. This includes soil properties such 
as permeability, particle distribution, and organic content, as well as geologic features 
that contribute to an aquifer’s heterogeneity.  
Soil composition is typically characterized by its weight-percent of sand, silt, and clay 
(particle size distribution). The specific nomenclature for a soil can be visually 
represented by a soil texture triangle (Figure 1). In general, water passes more quickly 
through coarse, sand-dominated soils than through fine, clay-dominated soils. For 
context, the permeability—the ability of water to flow through soil—of sandy soils can 
be six orders of magnitude higher than clay soils (FAO, 2020). The organic matter 
content of a soil is also considered in soil composition. Derived mainly from degraded 
plant matter and most prevalent in the top couple meter of soils, soils organic content 
ranges from 0.1% and 6% for typical soils (Strawn, Bohn, & O'Connor, 2015). 
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Figure 1. Soil texture triangle (NRCS, 2020). 
 
Geologic composition can vary significantly within an aquifer as well. Some 
heterogeneous aquifers contain hundreds of unique soil and rock formations. Variance in 
permeability between these formations complicates groundwater flow determination and 
can create preferential flow-paths, affecting SAT performance (Michael & Khan, 2016).  
 When considering suitability of an aquifer for SAT, soil permeability must be high 
enough to maintain the required infiltration rates for a treatment plant’s effluent, yet low 
enough to provide the required additional chemical and biological treatment. Highly 
permeable, coarse soils quickly infiltrate water but have large flow paths with less 
reactive surface for contaminant removal. Low permeability-soils have more surface area 
and pore space, which facilitates biological growth and increases the contact time 
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between contaminants and the porous media. While effective at removing contaminants, 
infiltration basins with fine soils require large ponding areas and are prone to clogging 
(Committee of Ground Water Recharge, 1994; Ascuntar-Rios, Madera-Parra, Pena-
Varon, & Sharma, 2014). Sandy loam and similar soil types with hydraulic conductivities 
between one and three meters per day have been found to provide the optimal balance of 
infiltration and contaminant removal (Abel C. D., Sharma, Bucpapaj, & Kennedy, 2013; 
Sharma, Harun, & Amy, 2008; Ritzema, Kselik, & Chanduvi, 1996).  
One concern in the longevity of SAT systems is karstification. Karstification is the 
natural or artificial process in which physicochemical or climatic conditions dissolve 
highly soluble rocks and create fractures, sinks, or caves. Figure 2 depicts the process. 
Water in karst aquifers can flow thousands of meters per day, drastically reducing 
residence time. With less residence time and less surface area to interact with, 
contaminants in water pass freely through karst formations compared to granular media. 
Aquifers with highly soluble rock formations, like limestones and dolomites, are most 
prone to karstification (Assad & Jordan, 1994; Bagherzadeh, et al., 2018) 
In SAT operations, water is infiltrated more consistently and in much larger quantities 
than via natural precipitation. This has the potential to accelerate karstification and lead 
to contaminant breakthroughs over time. While karst formation potential needs to be 
assessed, many aquifers containing karst forming rocks, like limestone, dolomite, and 
gypsum, are not suited for SAT due to their low hydraulic conductivity compared to 
granular soils (Assad & Jordan, 1994).  
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2.2. Geochemical Conditions 
Two mechanisms dominate contaminant removal in SAT: adsorption and biodegradation 
(Abel C. D., et al., 2012). Both processes are chemically-driven—adsorption through 
electrostatic and van der Walls bonding, and biodegradation through reduction-oxidation 
(redox) reactions. For effective contaminant removal, the chemical environment within 
the soil (geochemical conditions) must be suitable for the given processes. Geochemical 
conditions encompass properties such as cation exchange capacity and redox potential. 
Soils with inadequate cation exchange capacity can allow for displacement of positively 
charged ions, like ammonium, to displace into an aquifer. Low redox potential reduces 
the influence of aerobic biodegradation of organics and nitrification of ammonium 
(Strawn, Bohn, & O'Connor, 2015). 
Figure 2. Karstification process (Assad & Jordan, 1994). 
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2.2.1. Adsorption 
Adsorption is the process by which constituents in an aqueous solution are partitioned 
onto soil particles. Constituents remain adsorbed until they are degraded or until they 
desorb by changes in water quality. Changes in pH, temperature and ambient water 
quality, for example, can alter the solubility of a constituent and cause it to desorb into 
the pore-water space, so it is important to keep consistent source water quality in SAT 
operations (Strawn, Bohn, & O'Connor, 2015). 
Wastewater contains both charged constituents (ions) and non-charged constituents, and 
the dominant adsorption mechanism differs depending on the type of constituent. 
Charged constituents of concern in wastewater effluent, like nitrate and ammonium, 
maintain outer-sphere adsorption in which ions are electrostatically held on mineral 
surfaces but do not directly bond with the surface functional groups. Non-charged 
compounds, like polysaccharides, disinfection byproducts, and pharmaceuticals, 
however, sorb within pore spaces and hydrophobic regions of organic matter in the soil 
via hydrogen and van der Walls bonding (Strawn, Bohn, & O'Connor, 2015).  
Positively-charged cations, like ammonium, adsorb to the negatively charged surfaces 
most prevalent in clay soils (Figure 3). Cation exchange capacity (CEC) represents the 
quantity of cations that can be adsorbed by soil and is a measure of the net negativity in a 
soil’s charge.  At neutral pH, the CEC for soils typical in SAT systems (sand to sandy 
loam) ranges from one to ten meq/100 g, while the CEC in clay soils is greater than 30 
meq/100 g (Sonon, Kissel, & Saha, 2017). To put this into context, a study by Jellali et al. 
(2010) found 30.7-mg/kg of ammonium adsorbed in sandy soil columns with CECs of 
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1.8 meq/100 g. The adsorption capacity in this study was reached after just 3.4 pore 
volumes of infiltration using source water with 4.9-mg/L ammonium, and it was 
decreased significantly when competing cations (Ca2+ and Mg2+) were present in the 
source water. Moreover, CEC is decreased by acidic conditions as protons neutralize the 
negatively charged surfaces (Strawn, Bohn, & O'Connor, 2015). 
 
Negatively-charged anions like nitrate, on the other hand, adsorb to the surfaces of 
positively charged surfaces like oxide minerals. Similar to cation adsorption, the amount 
of anions able to adsorb in a soil system is dictated by the anion exchange capacity—a 
measure of total net positive charge in the system. Anion exchange capacity is decreased 
as pH increases (Strawn, Bohn, & O'Connor, 2015). 
Many wastewater contaminants are non-ionic organic compounds, so they do not form 
electrostatic bonds with minerals in soil. Instead, non-charged chemicals adsorb to the 
hydrophobic regions of soil organic matter (SOM). The non-charged chemicals are non-
polar and hydrophobic, so they prefer less polar regions than water. Non-ionic 
Figure 3. Cation adsorption on clay particles (Strawn, Bohn, & O'Connor, 2015) 
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compounds typically adsorb to ligands in SOM through hydrogen bonding and van der 
Waals attraction, depending on the type of compound.  The capacity of non-ionic 
adsorption in most soils is small compared to cation adsorption, but it is continually 
restored as organic compounds degrade (Strawn, Bohn, & O'Connor, 2015).  
Adsorption in itself has shown minimal contribution to the contaminant removal process 
compared to biodegradation (Trussell, Tiwari, Gerringer, & Trussell, 2015). It would be 
assumed that contaminants would pass freely through soil media once the cation or anion 
exchange capacities, or SOM bonding locations are filled. Collison and Grismer (2014), 
however, suggest that adsorption plays an important role by trapping contaminants which 
can then be stripped and biodegraded by microorganisms. This stripping restores bonding 
locations and allows for continual adsorption. In a sense, adsorption and biodegradation 
have a synergistic relationship in which contaminant removal of both processes are 
enhanced by each other. This can explain how SAT systems like the Dan Region 
Reclamation Project have consistently removed contaminants for up to 43 years (Mienis 
& Arye, 2018). 
2.2.2. Redox Conditions 
Reduction and oxidation reactions occur in all biological processes. In soil, microbes 
oxidize organic matter and use the released electron to make adenosine triphosphate 
(ATP).  Heterotrophic aerobes use O2 as an electron acceptor, as it is the strongest 
oxidizing agent in nature and produces the most energy in its reduction to H2O. In cases 
where O2 is limited, like in the saturated zone and the lower portions of some vadose 
zones, oxidized states of nitrogen, sulfur, iron, and manganese are utilized as electron 
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acceptors by anaerobic microorganisms. Denitrification is a redox reaction that occurs in 
the absence of O2, where nitrate acts as the electron acceptor (further discussed in Section 
3.2) (Strawn, Bohn, & O'Connor, 2015).  
 The tendency for reduction or oxidation reactions to occur in soil is determined by the 
soil’s redox potential. Redox potential is affected by pH, but in general, environments 
with high redox potentials tend to oxidize while environments with low redox potential 
tend to reduce. pE-pH diagrams, like Figure 5 are useful in visualizing the redox potential 
gradient in a soil environment. Figure 5  also shows the preferential electron acceptor 
hierarchy, in which nitrate is the second preferential electron acceptor after O2 as redox 
potential decreases. Redox potential in most natural soil systems ranges from -0.3 to 0.7 
volts (Strawn, Bohn, & O'Connor, 2015). 
 
Figure 4. Nitrogen species at equilibrium in an aqueous system (Sawyer, McCarty, & Parkin, 
2003). 
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It is important to monitor redox conditions in SAT systems. Many redox reactions affect 
pH by either using or producing protons (H+). Nitrification, for example, produces ten 
moles of H+ per mole of ammonium nitrified. Sustained nitrification reduces pH and 
thereby increases the redox potential (Figure 4). Redox cycling and changes in pH can 
reduce and solubilize iron and manganese oxides, causing them to leach into the 
groundwater aquifer (Strawn, Bohn, & O'Connor, 2015).  
2.3. Hydrogeologic Conditions 
Aquifers are generally comprised of two distinct regions: an unsaturated layer, called the 
vadose zone, where water flows vertically under gravity, and a saturated zone 
characterized by slow, horizontally flowing groundwater. Both regions provide unique 
geochemical conditions required for effective SAT and are adept at removing specific 
contaminants. Thus, it is important to assess the depth of these zones when evaluating the 
treatment potential of an SAT site. 
2.3.1. Vadose Zone 
The vadose zone is the unsaturated portion below the ground surface where water flows 
vertically before reaching the water table. Here, oxygen supports nitrification and aerobic 
biodegradation of low molecular weight organics (Essandoh H. , Tizaoui, Amy, & 
Brdjanovic, 2011; Fox & Makam, 2011). The vadose zone is also important for 
adsorption removal processes as it is the first media passed by effluent. 
Multiple studies support that most of the contaminant removal in SAT occurs under oxic 
conditions within the first 1.5 meters of vertical flow (Amy, et al., 1993; Essandoh H. , 
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Tizaoui, Mohamed, Amy, & Brdjanovic, 2010; Onesios & Bouwer, 2012; Sharma, 
Harun, & Amy, 2008), so it is important to know the depth of the vadose zone. Areas 
with groundwater tables shallower than three meters are generally unsuitable for SAT 
applications, as seasonal fluctuations and the applied effluent can reduce the space 
available to oxygen dependent removal processes (Essandoh, Tizaoui, & Mohamed, 
2013). 
2.3.2. Saturated Zone 
While the vadose zone removes the bulk of contaminants, the saturated zone plays an 
important role in removal of more complex constituents. Anaerobic bacteria perform the 
dual service of denitrification and organic removal using oxygen found in nitrates and 
sulphates to degrade high molecular-weight organics (Essandoh H. , Tizaoui, Amy, & 
Brdjanovic, 2011; Fox, Aboshanp, & Alsmadi, 2005). Degradation rates in the saturated 
zone are slower than in the vadose zone, so aquifer thickness and hydraulic gradient must 
be assessed to ensure removal is complete by the time effluent reaches a drinking-water 
well (Sharma, Harun, & Amy, 2008). Long periods of horizontal flow also aid removal of 
pathogens through sorption and inactivation (Schijven & Hassanizadeh, 2000). 
2.3.3. Residence Time and Travel Distance 
The period that recharged water spends in the vadose and saturated zones before being 
reclaimed by water supply wells is known as residence time. California requires two to 
12-months of residence time for IPR projects, primarily to ensure removal of pathogens, 
such as viruses, coliform bacteria, and Cryptosporidum oocysts (US EPA, 2017). While 
biogeochemical interactions remove organic compounds and nitrogen species relatively 
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quickly, pathogens are mainly removed by inactivation, which can take several months 
(Elkayam, et al., 2015; Pescon & Post, 2020).  
Travel distance, defined as the path length from the infiltration site to the nearest 
recovery well, has slightly different implications in SAT performance than residence 
time. Long travel distances do allow for source water contact with more soil particles, 
thereby increasing adsorption. However, the majority of adsorption occurs within the first 
meter or so of infiltration, so extended saturated zone travel distances do not significantly 
contribute to overall contaminant removal  (Drewes, Heberer, & Reddersen, 2002; Fox, et 
al., 2001). Saturated zone travel distance may play a more important role in contaminant 
removal for aquifers with minimal or no vadose zones. 
Both residence time and travel distance are functions of the hydraulic conductivity and 
groundwater flowrate in an aquifer and are, thus, important to consider when assessing 
the hydrogeological conditions of a site. 
2.3.4. Ambient Groundwater as a Diluent 
SAT cannot always restore wastewater effluent to drinking water standards. In these 
cases, ambient groundwater in the aquifer is considered a diluent, combined with effluent 
to calculate total groundwater quality. This estimation requires measurement of the 
ambient groundwater quality and flowrate within the aquifer. If the estimated combined 
water quality still does not meet standards, the wastewater treatment plant must reduce 
the quantity of percolated effluent or increase performance of their existing treatment 
operations (Pescon & Post, 2020). 
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2.4. Operational Methods 
Operational methods encompass the effluent loading regime and maintenance of 
infiltration basins. They can greatly affect SAT performance and vary between SAT 
systems due to differences in climate, source water quantity and quality, and geological 
conditions.  
The most influential practice is the cycling of flooding and drying in the recharge basins. 
Wetting and drying cycling is performed mostly to maintain infiltration rates (Amy, et al., 
1993). During loading, suspended solids and organic matter from effluent accumulate in 
the upper soil layers, as do the microorganisms responsible for biodegrading organic 
compounds and ammonium in the effluent (Pavelic, et al., 2011). This accumulation 
reduces infiltration rates and limits the quantity of effluent that can be recharged to the 
aquifer.  
Depending on the climate, drying periods of several days serve to desiccate organic 
matter near the recharge basin surface and restore infiltration rates. Arye, Tarchitzky, and 
Chen (2011) also found that plant-derived hydrophobic organic matter in treated 
wastewater can coat soil particles and render them hydrophobic. This process, however, 
involves a period of maturation and humification which can be avoided by implementing 
drying cycles.  
Wetting and drying cycles also restore aerobic conditions in the vadose zone. As 
discussed previously, oxygen in the vadose zone supports facultative heterotrophic and 
nitrifying bacteria which contribute to most of the contaminant removal in SAT.  
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Additionally, this cycling of redox conditions encourages denitrification during loading 
periods when the vadose zone becomes anoxic (Gungor & Unlu, 2005).  
Several other operational methods affect SAT performance to a lesser degree than 
wetting and drying cycling. Deep ponding in the infiltration basin can initially increase 
infiltration rates due to higher head. These infiltration rates can decrease over time, 
however, as the upper soil layers are compacted (Pavelic, et al., 2011). Regular 
maintenance of the infiltration basins, such as vegetation abatement and tilling of the soil 
surface, is also performed to increase infiltration rates (Drewes, Dickenson, & Snyder, 
2011; Hogg, et al., 2013) 
2.5. Source Water Quality 
SAT systems receive wastewater of various degrees of pre-treatment, from undisinfected 
secondary treated wastewater to denitrified tertiary treated wastewater (Amy & Drewes, 
2007; Hogg, et al., 2013). California’s Title 22 regulation, for example, requires 
disinfection and tertiary treatment of wastewater for direct recharge applications of IPR 
without consideration of soil treatment processes (SWRCB, 2015).The quality of the 
influent wastewater (source water) affects both infiltration rates and SAT performance. 
Extensively treated source water reduces clogging in the upper soil layers, but adding this 
level of pre-treatment may not be economically feasible for some municipalities (Pavelic, 
et al., 2011). 
Source water quality mainly influences SAT performance through its effects on redox 
conditions. Microbes in the vadose zone consume oxygen during nitrification and 
biodegradation of organic compounds. When source waters high in TN or organic 
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compounds are discharged to infiltration basins, the microbes quickly deplete oxygen. 
This reduction in aerobic zone limits contaminant removal potential. Mienis and Arye 
(2018), for example, found contaminant breakthrough when the TN of source water at the 
Dan Region Reclamation Project rose above 10-mg/L. Variance in salinity, pH, and 
alkalinity also affect redox conditions and SAT performance (Sawyer, McCarty, & 
Parkin, 2003).  
Some pre-treatment processes can aid removal of contaminants in SAT. Trussell et al. 
(2015) found that ozonating treated wastewater breaks down complex organic 
compounds, making them easier to biodegrade in SAT.  
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3. REMOVAL MECHANISMS OF SPECIFIC CONTAMINANTS BY SAT  
The primary goal of wastewater treatment for IPR is to make wastewater safe for 
consumption by removing bulk organic material, nitrogen species, and pathogens (Asano 
& Cotruvo, 2004; Gungor & Unlu, 2005). SAT has been proven to remove all three of 
these standard contaminants to varying degrees. To better predict and optimize removal 
of these specific contaminants, it is critical to understand their removal mechanisms.  
3.1.  Bulk Organic Materials 
Total organic carbon (TOC) is a bulk metric of all carbon-based compounds in a sample 
and is a main removal parameter in wastewater treatment operations. In wastewater 
effluent, TOC consists of natural organic matter (NOM) from drinking water and other 
sources, biological oxygen demand (BOD) and anthropogenic-sourced organic chemicals, 
and soluble microbial products (SMPs) created during biological wastewater treatment 
(Drewes, Dickenson, & Snyder, 2011). While not all organic compounds are necessarily 
harmful, many contaminants of concern, like pesticides, disinfection byproducts, and 
pharmaceuticals and personal care products (PPCPs), are organic. Further, the breakdown 
products and metabolites of these constituents may form via several different reaction 
pathways, resulting in potentially myriad of organic compounds within a single effluent 
stream.  Thus, TOC is measured as a surrogate for a broad range of constituents—many 
of which may be unknown—that would otherwise require individual testing (Drewes, 
Dickenson, & Snyder, 2011; Fox & Makam, 2011). 
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The California Department of Public Health limits the concentration of TOC in recycled 
water aquifers to 0.5-mg/L (CDPH, 2009). Tertiary-treated wastewater typically ranges 
from four to 10-mg/L TOC, so both SAT performance and diluent water contribution 
must be quantified to prove TOC requirements are satisfied (NWRI, 2012; Pescon & 
Post, 2020).  
SAT removal of bulk organics has been quantified by numerous full-scale and laboratory 
studies. TOC removal rates range from 45% to 71% depending on experimental and 
aquifer conditions such as soil composition, hydraulic retention time, and influent quality 
(Bekele, Toze, Patterson, & Higginson, 2011; Trussell, Tiwari, Gerringer, & Trussell, 
2015; Trussell S. , Trussell, Qu, & Trussell, 2017). Many studies solely considered 
dissolved organic content (DOC), a component of TOC, and found removal rates between 
23% and 95% (Abel C. D., Sharma, Bucpapaj, & Kennedy, 2013; Ascuntar-Rios, 
Madera-Parra, Pena-Varon, & Sharma, 2014; Drewes & Jekel, 1996; Essandoh, Tizaoui, 
& Mohamed, 2013; Sharma & Kennedy, 2017; Suzuki, Kameda, Takabe, Nishimura, & 
Itoh, 2015; Sharma, Hussen, & Amy, 2011). The reason some studies chose to measure 
DOC rather than TOC is unclear, but it may be to limit the influence of microbial 
breakthrough in soil column experiments.  
The National Water Research Institute proposed the use of biodegradable dissolved 
organic carbon (BDOC) as an alternative to TOC for recharged wastewater requirements. 
The basis of their argument is that TOC includes recalcitrant humic and fulvic acids 
(NOM) from drinking water sources that tend to evade SAT and inflate TOC 
measurements. Neglecting NOM by using BDOC would therefore increase the allowable 
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recharge quantity. NWRI determined BDOC to be an adequate indicator of biofilter 
health in SAT operations. (NWRI, 2012) 
Biodegradation is the primary removal mechanism of bulk organics in SAT (Trussell, 
Tiwari, Gerringer, & Trussell, 2015). In biodegradation, microorganisms produce 
enzymes to oxidize organic material and obtain the free electron for energy. 
Biodegradation occurs in two forms: mineralization and biotransformation. 
Mineralization is the process in which organic compounds are converted by aerobic 
microorganisms to nonorganic (mineral) end products. Biotransformation, on the other 
hand, does not completely mineralize the parent compound; instead it produces a 
secondary compound of lesser energy. The secondary products of biotransformation are 
potentially concerning—as is the case in the reduction of tetrachloroethylene to the more 
toxic vinyl chloride—but there has been little evidence of deleterious biotransformation 
products in SAT of municipal wastewater. New harmful constituents may be discovered, 
however, as the identification of emerging contaminants develops (Sawyer, McCarty, & 
Parkin, 2003).  
Studies have analyzed SAT soils after periods of effluent application and found very little 
organic content, implying that most TOC is degraded and transformed by microbes rather 
than adsorbed to soil particles (Fox, Aboshanp, & Alsmadi, 2005; Quanrud, et al., 1996). 
The organic material that was present occurred in the upper 10-centimeters of the soil as 
schmutzdecke, a biologically active layer. Bulk organic removal rates were found to be 
highest in the schmutzdecke layer, proving the importance of aerobic biodegradation in 
SAT. 
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3.2. Nitrogen 
Nitrogen-containing species, like ammonium, nitrate, and nitrite, are common 
contaminants in wastewater, typically originating from the break-down of urea and uric 
acid into ammonia (Hallig-Sorensen & Jorgensen, 1993). While nitrogen-containing 
species discharged to groundwater do not have the same environmental impacts as in 
surface waters, high levels of nitrate in drinking water may create health issues, such as 
methemoglobinemia in infants, also known as blue baby syndrome. Moreover, many 
aquifers have preexisting nitrate contamination from percolation of agricultural 
fertilizers. These background nitrate levels should be considered when assessing the 
impact of additional nitrate loading by recharge operations.  
Nitrogen removal was not a design criterion when many wastewater treatment plants 
were built, so some plants are retrofitting their treatment trains with costly nitrogen 
removal infrastructure. SAT can be a more economical and effective alternative, given a 
suitable aquifer. Studies have shown removal rates up to 95% (Abel C. D., Sharma, 
Bucpapaj, & Kennedy, 2013; Essandoh H. , Tizaoui, Amy, & Brdjanovic, 2011; Gungor 
& Unlu, 2005; Mienis & Arye, 2018; Pan, Xiong, Huang, & Huang, 2017; Trussell, 
Tiwari, Gerringer, & Trussell, 2015; Trussell S. , Trussell, Qu, & Trussell, 2017). 
Nitrogen removal performance, however, is heavily dependent on aquifer conditions. 
Nitrogen removal typically occurs in two phases, as shown Figure 5. Nitrification is a 
two-step aerobic biological process in which ammonia is oxidized to nitrite, and nitrite is 
oxidized to nitrate. Autotrophic nitrifying bacteria, called Nitrosomonas and Nitrobacters, 
derive their energy from these oxidations and use carbon dioxide, rather than organic 
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carbon, to build their cell walls. Denitrification is an anoxic process by which a wide 
variety of bacteria use reductase enzymes to reduce nitrate to nitrite and finally to 
gaseous nitrogen. A carbon source is required as an electron donor. The gaseous nitrogen, 
typically nitrogen gas, is harmless and returns to the atmosphere (Hallig-Sorensen & 
Jorgensen, 1993).  
   
SAT systems can excel at nitrogen removal, as oxygen in the vadose zone supports 
nitrification (Essandoh H. , Tizaoui, Amy, & Brdjanovic, 2011), and lack of oxygen in 
the saturated zone supports denitrification. Additionally, decomposing biofilms and 
organic matter degraded in the vadose zone provide a carbon source for denitrifying 
bacteria (NWRI, 2012). The most consistent carbon source for denitrification, however, 
is DOC from wastewater effluent, so extensive removal of bulk organics in the oxic zone 
can inhibit denitrification in the lower vadose and saturated zones (Friedman, Mamane, 
Avisar, & Chandran, 2018). Several other factors, including loading regime, residence 
Figure 5. Nitrification and denitrification processes 
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time, and oxygen consumption, need to be considered to optimize nitrogen removal in 
SAT systems. 
Recharge operations typically discharge treated wastewater to infiltration basins in cycles 
with several days of wetting and several days of drying. This process is mainly used to 
maintain infiltration rates but should be optimized for nitrogen removal. Longer wetting 
cycles extend anoxic conditions suitable for denitrification, and longer drying cycles 
restore oxygen levels in the vadose zone required for nitrification (Gungor & Unlu, 2005; 
Trussell S. , Trussell, Qu, & Trussell, 2017). Because influent contamination, infiltration 
rates, vadose zone depth, and weather conditions vary, the length of wetting and drying 
operations needs to be determined for each aquifer (Elkayam, et al., 2015). 
Nitrogen removal in SAT is also affected by residence time, as nitrification and 
denitrification tend to have slower kinetics than organic biodegradation (US EPA, 2009). 
A study performed by Trussell Technologies, Inc. found an increase in nitrate removal 
from 42% to 90% when hydraulic residence time was increased from one to six months 
(Trussell S. , Trussell, Qu, & Trussell, 2017). California requires a residence time 
between two and 12-months, depending on the ratio of reclaimed to ambient water in the 
system (US EPA, 2017), but nitrogen removal rates could be another limiting factor.  
Nitrification consumes 4.57-grams of oxygen for every gram of nitrate as ammonia-
nitrogen converted (US EPA, 2009). Excessive nitrification has the potential to deplete 
the oxygen in the vadose zone required by other aerobic bacteria that degrade organic 
compounds. A long-term study of a SAT operation in Tel-Aviv, Israel determined that 
TN concentration in effluent should be kept below 10-mg/L to ensure aerobic conditions 
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in the infiltration basin (Mienis & Arye, 2018). Both the state of California and United 
States EPA hold a maximum containment level (MCL) of 10-mg/L nitrate plus nitrite as 
nitrogen in groundwater (SWRCB, 2017). While some wastewater treatment plants do 
not have nutrient discharge limits, most inland dischargers, like the San Luis Obispo 
Water Resource Recovery Facility and the Los Osos Water Reclamation Facility have 
nitrate discharge limits at or below the 10-mg/L nitrate as nitrogen MCL (CCRWQCB, 
2014; County of San Luis Obispo, 2018).  
Other pathways of nitrogen removal, such as ammonium oxidation (anammox), have 
been discovered in recent years. During anammox, autotrophic bacteria oxidize 
ammonium directly to nitrogen gas using nitrite as a substrate (Wang, et al., 2019). 
Because anammox relies on the nitrite produced during denitrification, its contribution to 
nitrogen removal is low (less than 10%) compared to traditional nitrification and 
denitrification (Naeher, et al., 2015).  Nevertheless, Fox et al. (2001) found considerable 
anammox present in soil column experiments using soil from the Tucson Sweetwater 
Recharge Facility and suggested that anammox could be sustainable in removing nitrogen 
from source waters high in ammonia. 
There are various metrics to quantify nitrogen-containing species in a sample. Some 
studies directly report the individual species as nitrate-N, while others report total 
nitrogen (TN). The varying forms and metrics are shown in Figure 6. Nitrate is the 
primary species of concern, and it can be measured quickly using ion chromatography. 
TN contains various organic, particulate, and inorganic forms and is therefore less 
responsive to shifts in nitrate and ammonium. It is measured using persulfate digestion 
which is generally more time consuming (APHA, 2017).  
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Some SAT studies may prefer to quantify TN because it provides a more complete view 
of nitrogen removal in the system. Additionally, nitrate is produced during the 
nitrification process, so while TN remains constant, nitrate increases. The nitrogen mass 
balance proves that TN is only lost from an effluent stream when it escapes after being 
converted to nitrogen gas. While reporting increased levels of nitrate when examining a 
treatment process may be undesirable, measurement of nitrate concentration can better 
reveal biological activity in an SAT system. 
3.3. Pathogens 
Pathogen removal has been a primary objective of wastewater treatment since the advent 
of municipal wastewater treatment. Pathogens of concern in wastewater treatment include 
viruses, and parasites, like Crytosporidium and Giardia. Traditional disinfection methods 
use chlorine or chloramine to oxidize pathogens, but these react with organic matter in 
the effluent to produce carcinogenic disinfection byproducts (DBPs), such as 
trihalomethanes (THMs), haloacetic acids (HAAs), and nitrosamines (National Research 
Council, 1998). Many treatment plants are retrofitting their treatment trains with 
Figure 6. Comparison of nitrogen metrics (DLWID, 2020). 
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ozonation or ultraviolet-light disinfection processes to avoid DBP creation. These 
upgrades, however, are expensive and energy intensive (Hogg, et al., 2013). 
SAT has demonstrated efficacy at removing pathogens in wastewater effluent. Removal 
rates vary significantly depending on pre-treatment, residence time, and soil media. A 
short-term simulation in a one-meter soil column by Quanrud et al. (2003) found an 
increase in coliphage removal from 70% to 99% when retention time increased from five 
to 20-hours. Six-month soil column experiments by Trussell Technologies (Pescon & 
Post, 2020) resulted in 6-log virus removal and 10-log protozoa removal. The authors 
compared these results to California groundwater recharge requirements (12-log virus 
and 10-log protozoa removal) and determined that additional pretreatment would be 
required before spreading in a six-month travel SAT operation. The same study found up 
to 8.33-log removal of Cryptosporidium oocysts, which are notoriously difficult to 
remove by conventional wastewater treatment methods.  
Full-scale SAT operations in Fresno and Dinuba, California found adequate and near-
adequate pathogen removal, with 5.56-log and 4.37-log reduction of total coliforms, 
respectively, where the CDPH requires 5-log reduction (WateReuse, 2013). Surface 
spreading near Tel Aviv, Israel also showed excellent pathogen removal of up to 6-log 
reduction in coliphage (Elkayam, et al., 2018). Most other SAT operations, however, 
disinfect their source water prior to surface spreading application and therefore do not 
quantify pathogen removal in the aquifer. 
Pathogen removal in aquifers occurs via adsorption and inactivation. Adsorption is 
dependent on several factors: soil composition, pH, and dissolved organic matter. Fine 
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soils better attenuate pathogens than coarse soils due to their increased surface area which 
allows more for more bonding sites (Quanrud, Carroll, Gerba, & Arnold, 2003). High pH 
in the effluent creates electrostatic repulsion, decreasing adsorption. Dissolved organic 
matter can also reduce attachment rates, as organic matter competes with pathogens for 
binding sites. Inactivation rates vary between species of pathogen, but increased 
temperature has been shown to increase inactivation (Schijven & Hassanizadeh, 2000). 
There is some evidence that virus removal is performed largely by microbial degradation. 
Studies by Quanrud et al. (2003) and Elliott et al. (2011) added sodium azide to the soil 
column apparatus inflow and found virus removal rates decreased by up to 90%. Sodium 
azide is a microbial suppressant that prevents cellular respiration but does not affect virus 
survival. The reduction in virus removal suggests that microbial communities play an 
important role in pathogen removal.  
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4. SAT SYSTEMS IN PRACTICE 
Analysis of full-scale SAT operations provides the most holistic evidence of SAT’s 
capabilities. While municipal SAT systems are still relatively uncommon, the diversity of 
geological, hydrogeological, operational methods, and source water quality between 
existing sites provide an array of SAT environments. These environments, coupled with 
contaminant removal rates, can be compared across SAT sites to determine the most 
influential factor for SAT performance.  
4.1. Montebello Forebay: Los Angeles County, CA – Research Basin 
The Montebello Forebay area of Los Angeles County, California has been the site of 
groundwater recharge projects for indirect potable reuse since 1962. Since operation 
began, two spreading grounds with 23 individual basins have recharged over 1.6 million 
acre-feet of secondary and tertiary treated wastewater (Yuan, Van Dyke, & Huck, 2016). 
In the early 1990s, the United States Geological Survey (USGS) constructed a half-acre 
research basin adjacent to the operating spreading grounds for the purpose of determining 
SAT capabilities under similar hydrogeological conditions (USGS, 2003).  
The research basin is characterized by a variable-depth vadose zone of fine-to-coarse, 
moderately sorted sand, with infiltration rates between 0.6 and 0.9-meters per day. A 
sandy aquifer bisected by a clay lens 9.5-meters below the basin lies below the vadose 
zone. Reclaimed water travel times in the upper aquifer range from 18-70 hours, while 
travel time in the lower aquifer is 60 days (Laws, Dickenson, Johnson, Snyder, & 
Drewes, 2011). Figure 7 presents a schematic of the research basin. 
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The USGS and Laws et al. conducted SAT experiments in the Montebello Forebay 
research basin from 1993 to 1994 and in 2009, respectively. While the geological 
composition of the aquifer remained constant in both studies, variations in source water 
quality and water table elevation affected the SAT performance results.  
 
Figure 7. Schematic of Montebello Forebay research basin (Laws, Dickenson, Johnson, 
Snyder, & Drewes, 2011) 
 
Source water quality improved between studies, as nitrification and denitrification 
process were added to the wastewater treatment plant supplying the research basin. The 
USGS effluent had ammonium concentrations of 13-mg/L, nitrate concentrations of 3.0-
mg/L, and nitrite concentrations of 2.0-mg/L, whereas the Laws et al. effluent was 
measured to have 0.47-mg/L ammonia and 3.9-mg/L nitrate. DOC concentrations were 
also reduced from 9.18-mg/L to 7.43-mg/L.  
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This improved source water quality, interestingly, led to apparent reductions in SAT 
performance. USGS found up to 70% TN removal in the aquifer (to concentrations of 
1.4-mg/L TN), whereas Laws, et al. found complete ammonia removal in the vadose zone 
but almost no nitrogen removal through the rest of the aquifer (3.8-mg/L minimum 
nitrate). The authors of the latter study suggest that denitrification was limited by an 
insufficient aqueous phase carbon source.  
This claim is reasonable considering the research basin removed 79% of DOC in the 
Laws et al. experiment (1.76-mg/L after 60-days travel time), while only 21-59% of DOC 
was removed in the USGS experiment (3.6-mg/L after 58-days travel time). As discussed 
previously, denitrification processes require anoxic conditions and a carbon source. 
Because less DOC traveled into anoxic zone in the Laws et al. experiment, it is feasible 
that denitrifying bacteria did not have adequate electron donors to reduce nitrate into 
nitrogenous gasses. The discrepancy between DOC removal in these experiments can be 
attributed in some part to source water quality improvements. Variations in 
hydrogeological conditions, notably vadose zone conditions, likely also affected DOC 
removal.  
In Laws et al., the vadose zone remained 2.4-meters deep throughout 42-days of 
continuous flooding. The majority of the DOC was removed in the vadose zone, leading 
the authors to attribute aerobic biodegradation as the primary organic removal process. 
Vadose zone depth varied significantly for USGS. During the first two trials of 17-day 
flooding, the saturated zone extended to the floor of the recharge basin, eliminating any 
aerobic area. The third trial was conducted in late summer, several months later, when the 
water table was 4.6-meters below the recharge basin floor.  In contrast to the Laws et al. 
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study, the USGS found “nearly identical” DOC removal between the three trials and 
concluded that “reduction in DOC (also TOC) concentration during recharge is 
independent (within the sensitivity of the experimental results) of unsaturated-zone 
thickness” (Laws, Dickenson, Johnson, Snyder, & Drewes, 2011; USGS, 2003). 
4.2. Sweetwater Recharge Facility: Tucson, AZ 
Tucson Water’s Sweetwater Recharge Facility (SWRF) has been an integral component 
in the city’s non-potable water supply since beginning operation in 1989. SWRF 
infiltrates 6,500-acre-feet per year of chlorinated, non-nitrified secondary effluent from 
an adjacent wastewater treatment plant. The reclaimed water percolates over 28-acres of 
spreading grounds divided into eight infiltration basins along the banks of the Santa Cruz 
River, as shown in Figure 8. The underlying soil is characterized as sandy loam with a 
porosity of 0.39, and a 37-meter deep vadose zone allows for two weeks of travel time 
before the reclaimed water reaches the aquifer. The City of Tucson applies feed water in 
cycles of three-days wetting and three or four-days drying to optimize infiltration. (Amy 
& Drewes, 2007; Drewes, Dickenson, & Snyder, 2011) 
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Analysis of contaminant removal performance has proven SWRF’s SAT system to be 
effective and reliable. A study by Amy and Drewes (2007) found a reduction in DOC 
from 14.1-mg/L to 0.98-mg/L while operating under normal conditions. They also 
determined a reduction in dissolved organic nitrogen (DON) from 9.4-mg/L to levels 
below detection limits. Another study by Drewes, Dickenson, and Snyder (2011) 
measured 92% TOC removal and a 9.0-mg/L reduction in nitrate as N. These studies 
largely attributed the extensive vadose zone to excellent SAT performance.  
Amy and Drewes (2007) found nitrate to be the primary electron donor after 1.5-meters 
of travel due to the high oxygen demand of effluent organic matter and ammonia present 
at high concentrations in the feed water. This means that reclaimed water passes through 
35.5-meters of unsaturated, anoxic soil matrices—optimal for denitrification which 
requires anoxic conditions and a carbon source and generally occurs at a rate slower than 
biodegradation of organics (Hallig-Sorensen & Jorgensen, 1993; US EPA, 2009). 
37 m 
Figure 8. Tucson's groundwater storage system. SWRF is adjacent to the river 
(Tucson Water, 2018). 
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Secondary treated wastewater with higher concentrations of organic matter, along with a 
scmutzdecke that is regularly desiccated during drying operations, provide an adequate 
carbon source for denitrification. The lengthy anoxic, lower portion of the vadose zone 
allows for degradation or adsorption of any dissolved organic matter that is unused 
during denitrification.   
4.3. Northwest Water Reclamation Plant: Mesa, AZ 
The Northwest Water Reclamation Plant (NWWRP) in Mesa, Arizona, is another full-
scale SAT operation, similar in scale to Tucson’s SWRF. NWWRP receives nitrified and 
denitrified, tertiary treated wastewater effluent and spreads it over four recharge basins 
totaling 30 acres. A 1.6-meter vadose zone is comprised of fine clay lenses which slow 
infiltration to rates between six and 12-cm/d. Infiltration rates are less than that of a 
potential clogging layer, thus eliminating the need for wetting and drying cycles (Fox, 
Narayanaswamy, Genz, & Drewes, 2001). 
Most of travel time occurs under saturated, horizontal-flow conditions. Since the 
beginning of operation in 1990, the reclaimed water plume has extended over 2,000-
meters downgradient within the native groundwater aquifer. The plume is delineated by 
higher sulphate concentrations measured in downgradient observation wells, as the 
reclaimed water has 100% more sulphate than the native groundwater (Drewes, Heberer, 
& Reddersen, 2002; Fox, et al., 2001). 
Studies performed since 2001 have shown fair-to-good SAT performance at NWWRP. 
Amy and Drewes (2007) found DON reduction from 2.0-mg/L to 0.2-mg/L and DOC 
reduction from 6.1 to 1.5-mg/L. DOC concentrations after SAT were actually lower than 
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background concentrations in the aquifer, as estimated by accounting for dilution of 
native groundwater. Fox, Aboshanp, and Alsmadi (2005) determined that 3- mg/L of this 
DOC was removed in the first 1.5 meters of infiltration in the vadose zone. 
Treatment performance falters slightly in TN removal. Fox et al. (2001) found only 20-
50% reduction in TN. The denitrified feed water averaged 6.2-mg/L TN, so nutrient 
contamination is not likely to exceed EPA (2017) limits of 10-mg/L nitrate as nitrogen. 
Denitrification at NWWRP could be limited by either an inadequate carbon source or too 
shallow of an unsaturated anoxic zone.  
4.4. Dan Region Reclamation Project (Shafdan): Tel Aviv, Israel 
Dan Region Reclamation Project (Shafdan) services wastewater from the Dan region near 
Tel Aviv—the most populous area in Israel.  Shafdan has infiltrated over 700-million 
cubic meters of undisinfected secondary treated wastewater from the conjoined treatment 
plant through the Soreq area infiltration basins since 1977. The reclaimed water is 
designated for unrestricted irrigation use and is integral to agriculture in the area 
(Elkayam, et al., 2015; Elkayam, et al., 2018; Mienis & Arye, 2018).  
The vadose zone beneath the Soreq infiltration basins is 20-40-meters deep and consists 
of sand with interspersed sandstone and clay layers (Figure 9). Wastewater effluent is 
typically applied in cycles of 24 hours wetting and 48-72 hours drying. Under this 
loading, vadose residence time ranges from 13-17 days before entering the aquifer. 
Recharged water then travels at least 1,000 meters over 60 months through the saturated 
zone before being extracted in recovery wells (Elkayam, et al., 2015; Elkayam, et al., 
2018; Mienis & Arye, 2018; Nadav, Tarchitzky, & Chen, 2012).  
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The Shafdan SAT system has been termed by Elkayam et al. (2015) as “one of the 
world’s most effective systems for effluent polishing and storage.” Out of 831 samples 
taken in reclamation wells over a 30-year period, only two samples tested positive for 
fecal coliform. Additionally, there have been no positive tests for coliform or 
enteroviruses in the last 10 years. Israel largely follows US EPA guidelines for indirect 
potable reuse. Under EPA guidelines, Shafdan SAT would qualify for exemption from 
the 90-minute contact time chemical disinfection requirement (Elkayam, et al., 2015). 
 
 
A later study by Elkayam et al. (2018) analyzed sustainability of treatment and DOC 
removal in Shafdan SAT operations. They found DOC concentrations reduced in the 
Figure 9. Soreq infiltration area. Recharge area is shown by dashed line (Elkayam, et al., 2015). 
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vadose zone from 11 to 1.6-mg/L. An additional 1-mg/L of DOC was removed in the 
subsequent 60-month saturated flow. The study concluded that no karstic channels have 
formed that would allow for the breakthrough of contaminants, especially DOC. 
SAT has performed well at removing nitrogen from Shafdan wastewater effluent. Mienis 
and Arye (2018) analyzed TN data since Shafdan operations began in 1977. In general, 
they found TN removal rates ranging between 49% and 83%, with 47-63% removed in 
the vadose zone and up to 20% more removed in the aquifer. These rates occurred when 
source water contained between 2 and 10 mg/L ammonium. There was a period in the 
mid-1990s when Shafdan treatment plant was discharging water with an average 20-
mg/L ammonium, during which ammonium and organic nitrogen displaced into the 
aquifer. The authors speculate that total nitrate concentrations above 10-mg/L deplete 
oxygen in the vadose zone, limiting nitrification. Additionally, TN concentrations in 
observation wells increased when salinity in the effluent increased. The authors 
concluded that adsorbed ammonia is released into pore-water space when ionic strength 
increases. 
4.5. Fresno, CA 
Fresno-Clovis Regional Wastewater Reclamation Facility (Fresno WWRF) infiltrates 68-
million gallons per day (MGD) of undisinfected secondary treated wastewater through its 
1,750-acres of percolation ponds. 25-40% of the recharged water is extracted on-site for 
immediate restricted agriculture use. The percolation ponds are continuously flooded, 
eliminating any possible vadose zone. Soils in the aquifer consist of well sorted sands in 
the upper five-feet and varying alluvial deposits of sand, gravel silt, sandy clay, clay, and 
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cobblestone below. Despite this coarse media, infiltration rates average 4.4-cm/day. A 
series of monitoring and extraction wells are located within the vicinity of percolation 
ponds (Figure 10) (Hogg, et al., 2013).  
 
Figure 10. Monitoring and extraction wells near the Fresno recharge facility. Percolation ponds 
are at "RWRF" (Hogg, et al., 2013). 
Hogg et al. (2013) analyzed an extraction well 10,000 feet downgradient of the 
percolation ponds to determine if recharged water met Title 22 requirements for IPR. 
They found reductions in nitrate from 2.3 to 0.7-mg/L—substantially lower than the 
native groundwater with 5-mg/L nitrate, and below state and federal nitrate MCLs of 10-
mg/L nitrate-N (US EPA, 2009). They compared groundwater upgradient from the 
recharge zone with recharged water to prove the recharged water samples were not 
diluted. Hogg et al. also measured 5.56-log removal of total coliform, satisfying the 
CDPH requirement of 5-log removal of total coliform.  
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4.6. Dinuba, CA 
Dinuba’s Wastewater Reclamation Facility (WWRF) operates similar to Fresno WWRF 
but at a smaller scale. Dinuba WWRF infiltrates 2.3-MGD of undisinfected secondary 
wastewater through 110-acres of percolation ponds (Figure 11). Like Fresno, the ponds 
receive continuous flow and do not have an underlying vadose zone. Infiltration rates are 
also similar, at 4.1-cm/day. Recharged water directly enters a 110-feet deep aquifer 
composed of highly permeable sandy loam (Hogg, et al., 2013). 
 
Figure 11. Map of Dinuba recharge operations (Hogg, et al., 2013). 
 
Dinuba WRRF SAT performance was also quantified by Hogg et al. (2013) to determine 
compliance with Title 22. Dinuba, however, did not achieve the performance 
requirements necessary for IPR. Nitrate concentration was reduced from 55 to 11-mg/L 
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nitrate-N—an improvement on the ambient groundwater with 21 mg/L nitrate-N. This is 
an impressive 80% reduction but is still above the CDPH limit of 10-mg/L nitrate-N. 
Dinuba WWRF also fell short of the pathogen requirement of 5-log removal of total 
coliform, with 4.6-log removal of total coliform measured. The difference in 
hydrogeological conditions affecting treatment performance between Dinuba and Fresno 
SAT systems are mostly unclear, but there is a drastic discrepancy in source water quality 
between the two operations, as shown in Table 1. One possible outcome of this water 
quality difference is that rapid nitrification, caused by substantially higher nitrate 
concentrations in Dinuba WWRF effluent, may have quickly depleted dissolved oxygen 
that would have otherwise been used for biodegradation of coliforms.  
Table 1. Secondary treated wastewater contaminant concentrations 
 (compiled from Hogg et al., 2013) 
Parameter Fresno WWRF Dinuba WWRF 
Conductivity, μmho/cm 822 1143 
TDS, mg/L 449 720 
Sodium, mg/L 86 101 
Chloride, mg/L 82 116 
Nitrate, mg/L 2.3 55 
Sulfate, mg/L 33 43 
 
 
4.7. Analysis of SAT Mechanisms through Comparison of Case Studies 
SAT performance varies significantly between SAT operations, as do the aquifer and 
operational conditions. Table 2 provides a summary of the conditions and treatment 
performance of the six previously discussed case studies. 
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Table 2. Summary of case study results  
Case Study 
Vadose 
Depth 
(m) 
Total 
Residence 
Time 
Source 
DOC 
(mg/L) 
DOC 
Removal 
(%) 
Source 
TN 
(mg/L) 
TN 
Removal 
(%) 
Total 
Coliform 
Removal 
Montebello 
Forebay  0-4.6 60 days 
7.43-
9.18 21-79 4.4-18 14-70 – 
Tucson 
SWRF 37 
6-12 
months 14.1 93 23.3 61 – 
Mesa 
NWWRP 1.6 
6-18 
months 6.1 75 6.2 20-50 – 
Shafdan 20-40 60 months 11 95 2-20 49-83 >5-log 
Fresno, CA 0 – – – 2.3* 70 5.56-log 
Dinuba, CA 0 – – – 55* 80 4.6-log 
 
* Measured as NO3-N 
– Values not measured 
Sources- (Amy & Drewes, 2007; Drewes, Dickenson, & Snyder, 2011; Elkayam, et al., 
2018; Elkayam, et al., 2015; Fox, Aboshanp, & Alsmadi, 2005; Fox, 
Narayanaswamy, Genz, & Drewes, 2001; Hogg, et al., 2013; Laws, Dickenson, 
Johnson, Snyder, & Drewes, 2011; Mienis & Arye, 2018) 
 
4.7.1. Geologic Composition 
It is difficult to draw a correlation between contaminant removal rates and field geologic 
composition, as dominant soil composition as well as in aquifer heterogeneity vary across 
case studies. Tucson and Shafdan performed similarly in contaminant removal, but 
Tucson SWRF is characterized by a fairly homogenous aquifer of sandy loam, while the 
Shafdan recharge basin is sandy with significant interspersed clay lenses and sandstone 
formations (Figure 9). A clay lens located 10 meters below the Montebello Forebay 
seemed to enhance bulk organic removal, but the clayey surface soils of Mesa NWWRP 
performed worse than the sandy soils of other SAT operations. Additionally, direct 
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comparisons of soil composition are limited by the provided soil characterizations and 
differences in collection depths. Many of the studies for example, do not include soil 
characterization data such as CEC, SOM, and porosity. 
4.7.2. Geochemical Conditions 
Adsorption rates were largely uncharacterized in full-scale SAT evaluations as most 
studies focused on either the biochemical mechanisms or the conglomerated contaminant 
removal results. Moreover, quantifying adsorption in full-scale systems would be difficult 
because most of the systems were running for years prior to the study, making it 
impossible to know the contaminant accumulation timeline within the soils. 
Addressing biochemical interactions, the scale of the redox interface provides another 
potential explanation for increased nitrogen removal in deep vadose zones. The redox 
interface is the region between oxidized and reduced zones, and it contains many of the 
most reactive redox environments (Strawn, Bohn, & O'Connor, 2015). Vadose zones 
constrained by a shallow water table quickly shift from oxic to anoxic conditions, but 
deep vadose zones allow for an extended redox interface with a more gradual transition 
from oxic to suboxic to anoxic conditions. It is within this highly reactive environment 
that most denitrification occurs, as corroborated by Wang et al. (2019) in Figure 12. 
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4.7.3. Hydrogeologic Conditions 
Though a small sample size, there seems to be a relationship between contaminant 
removal and vadose zone depth. Tucson and Shafdan have vadose zones up to 37 and 40-
meters deep, respectively, and they removed substantially more DOC than Montebello 
Forebay and Mesa NWWRP, which have vadose zones of less than five meters. Figure 13 
compares DOC removal and vadose zone depth. While there is no data assessing removal 
within the aerobic portion, samples from a monitoring well showed that only 60% of the 
total DOC removal occurred in the upper five meters of infiltration (Amy & Drewes, 
2007). This means that the remaining DOC was likely mineralized by anaerobic microbes 
in unsaturated conditions, potentially in the denitrification process.  
Figure 12. Nitrogen species concentration through estuarine infiltration. The dashed line 
demarcates the groundwater table. Modified from (Wang, et al., 2019) 
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Figure 13. DOC removal vs. water table depth at full-scale SAT sites 
 
The field test of Montebello Forebay Research Basin conducted by USGS (2003) 
examined SAT performance over a change in vadose zone depth from zero to 4.6-meters. 
They found similar DOC removal rates (32%) at both vadose zone depths and concluded 
that DOC removal is independent of vadose zone depth and redox conditions. Since then, 
however, many studies considering DOC removal in the vadose zone found that DOC 
removal increased with vadose zone depth, disputing the USGS finding (Essandoh H. , 
Tizaoui, Mohamed, Amy, & Brdjanovic, 2010; Onesios & Bouwer, 2012; Sharma, 
Harun, & Amy, 2008). Considering the relatively low DOC removal rates, USGS 
findings may stem from low biological activity as the site is a research basin and does not 
consistently recharge wastewater effluent. USGS results may also suggest that the vadose 
zone needs to be extended by more than five meters to notice an appreciable increase in 
DOC removal. 
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The benefit of a deep vadose is very apparent in nitrogen removal, with the exception of 
high TN removal rates at the Fresno and Dinuba sites (Figure 14). Neglecting these sites, 
the operations with deep vadose zones (Shafdan and Tucson) generally outperformed 
those with shallow vadose zones (Montebello Forebay and Mesa). This is likely due in 
part to extended aerobic conditions critical for nitrification; longer travel in conditions 
favorable for nitrification will result in more nitrification. The nitrate produced can then 
be oxidized to nitrogen gas by denitrifiers when anoxic conditions prevail.  
 
Figure 14. TN removal vs. water table depth for full-scale SAT sites 
 
4.7.4. Operational Methods 
Full-scale SAT systems vary in wetting and drying cycle periods. Tucson’s Sweetwater 
Recharge Facility cycles in three-days wetting and three or four-days drying (Drewes, 
Dickenson, & Snyder, 2011), while the Dan Region Reclamation Project loads effluent 
for one day and lets the basin dry for two to three-days (Elkayam, et al., 2015). Mesa 
NWWRP, on the other hand, does not operate under wetting and drying regimes because 
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of a clayey surface soils with low infiltration rates. They determined that native 
infiltration rates are already lower than those of a potential a clogging layer, so drying 
cycles are not necessary (Fox, Narayanaswamy, Genz, & Drewes, 2001).  
Operations that utilize wetting and drying cycles (Tucson and Shafdan) generally perform 
better in both bulk organic and nitrogen removal. Mesa NWWRP does not load source 
water in wetting and drying cycles, and removal rates there were the poorest. This is 
likely because drying periods restore the aerobic conditions in the vadose zone necessary 
for heterotrophic aerobic bacteria to degrade organic compounds. Aerobic conditions are 
also necessary for nitrification. Additionally, wetting and drying drives the cycling of 
redox conditions and invigorates reactions at the raising and lowering redox interface 
(Wang, et al., 2019).  
4.7.5. Source Water Quality 
Source water quality differs between field sites, as well as over the period of operation of 
a single site. Mesa NWWRP and the Laws et al. (2011) study of Montebello Forebay 
used tertiary, nitrified wastewater while the other studies used secondary, non-nitrified 
wastewater. The results suggest that source water of higher quality reduces the efficacy of 
SAT, up to a point. In the studies with DOC concentrations less than 7.5-mg/L, TN 
removal rates fall below 50%. The mechanism of this reduction in treatment may be 
explained by an inadequate carbon source for denitrification. Denitrifying bacteria use 
aqueous phase carbon as an electron donor, so the oxidation of nitrate to nitrogen gas is 
limited when insufficient organic material displaces into the anoxic zone. 
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Mienis and Arye (2018) did find a point at which source water quality creates issues in 
treatment. The Shafdan SAT system received source water with TN levels averaging 20-
mg/L for a several years. During this period, there were reported breakthroughs of nitrate 
into the aquifer. The authors claim that TN concentrations above 10-mg/L rapidly deplete 
oxygen in the vadose zone and hinder both organic and nitrogen removal. Findings at the 
Dinuba recharge facility—80% nitrate removal with 55-mg/L influent nitrate-N—seem to 
refute this though, possibly suggesting that there are other, non-traditional 
nitrification/denitrification mechanisms, like anammox, at play under extreme nitrate 
loading (Fox & Makam, 2011). 
It should also be noted that treatment rates may at sites with lower source water 
contaminant levels, like Tucson for TN and Mesa for DOC, may be limited by the fact 
that there is less contaminant available to remove. 
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5. LABORATORY-SCALE EVALUATION OF SAT 
In many instances, analysis of an operating SAT system is neither feasible nor 
particularly useful for agencies estimating treatment performance of a proposed recharge 
facility. Hydrogeology and soil composition vary between aquifers, and there is currently 
no empirical method for estimating performance based on aquifer properties alone. 
Moreover, drilling observation wells is expensive, and their monitoring requires onsite 
staff. In these cases, laboratory-scale soil column experiments with representative soil, 
wastewater, and loading regimes can better estimate SAT performance. Soil column 
experiments are also useful for determining the capability of SAT in removal of toxic 
substances without risking aquifer contamination. By compiling and reviewing published 
laboratory-scale SAT studies, we can develop more insight into factors controlling SAT 
performance.  
5.1. Soil Column Design 
Conditions in published studies of lab-scale soil columns vary as much as full-scale SAT 
operations. In some studies, like Trussell et al. (2017), the purpose of the design is to 
mimic SAT in a natural aquifer by providing unsaturated and saturated zones filled with 
field-obtained soil samples. Other studies, like Hubner et al. (2014), focus on evaluating 
singular mechanisms, so they design simple sand columns to eliminate extraneous 
variables. The following section outlines the breadth of soil column diversity and the 
context of their design.  
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5.1.1. Media 
The soil media used in SAT simulation is largely dependent on the goal of the 
experiment. Soil column experiments examining unstudied capabilities of SAT, like SAT 
using primary effluent (Sharma, Hussen, & Amy, 2011), SAT under saturated conditions 
(Essandoh H. , Tizaoui, Amy, & Brdjanovic, 2011), and the fate of uncharacterized 
contaminants (Essandoh H. , Tizaoui, Mohamed, Amy, & Brdjanovic, 2010), typically 
use silica sand as the soil media. Pure sand, though unrepresentative of typical soils used 
in SAT, allows for easier control of hydraulic residence time and provides generalized 
treatment performance results that can only be improved upon using more natural media 
with higher fines and organic content.   
Studies analyzing potential SAT performance for a particular region typically use 
representative soil samples from existing infiltration basins or from proposed SAT 
locations. Trussell et al. (2017) used soil from a mine near an operating spreading ground 
to characterize SAT in the San Fernando Valley. Ascuntar-Rios et al. (2014) analyzed 
SAT feasibility in the tropics and obtained soil from a proposed infiltration basin location 
in Colombia, and Nalinakumari, Cha, and Fox (2010) compared soil from the Mesa 
NWWRP infiltration basin to clean sand. 
 Representative soil media, while maintaining the overall composition, still do not truly 
replicate in-situ performance as stratigraphy and structural characteristics are lost during 
relocation. Soil column media are also sieved to remove material larger than two-
millimeters in an effort to reduce flow distortions and adverse effects of large debris 
(Trussell S. , Trussell, Qu, & Trussell, 2017). This further alters media from its native 
state.  
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Some studies combine field collected soil with sand to achieve certain soil characteristics. 
Betancourt et al. (2019) mixed 50% sand with 50% soil from a SAT operation in 
Colorado to create greater hydraulic conductivity and meet retention time requirements. 
This combination was also intended to increase biological activity. 
5.1.2. Flow Regime 
The flow regime, including flow direction and loading cycles, is equally important for 
SAT simulation in soil columns. In general, studies analyzing contaminant removal in the 
vadose zone feed source water by gravity to the top of the column and collect the filtered 
water at the bottom (Ak & Gunduz, 2013; Ascuntar-Rios, Madera-Parra, Pena-Varon, & 
Sharma, 2014; Drewes & Jekel, 1996; Essandoh H. , Tizaoui, Mohamed, Amy, & 
Brdjanovic, 2010; Fox, Aboshanp, & Alsmadi, 2005; Linlin, Xuan, & Meng, 2011; 
Nalinakumari, Cha, & Fox, 2010; Pan, Xiong, Huang, & Huang, 2017). These studies 
relied on flooding and drying cycling to maintain aerobic conditions in the column. Top-
to-bottom flow was also utilized by Gungor and Unlu (2005) without drying cycles to 
simulate fully saturated flow. 
Most studies examining SAT in saturated conditions, however, pump source water 
upwards through the soil column (Essandoh H. , Tizaoui, Amy, & Brdjanovic, 2011; 
Essandoh, Tizaoui, & Mohamed, 2013; Nalinakumari, Cha, & Fox, 2010). Upward flow 
purges oxygen and acts more like saturated groundwater flow than gravity-driven flow. 
One study by Trussell et al., (2015) connected gravity-flow and upward flow columns in 
series, as shown in Figure 15 , to represent the combined vadose-saturated zone system. 
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5.1.3. Hydraulic Retention Time 
Hydraulic retention time (HRT), sometimes referred to as residence time, ranges widely 
in soil column experiments. Studies have examined HRTs between 12-hours and 6-
months for both saturated and unsaturated conditions (Ak & Gunduz, 2013; Essandoh H. 
, Tizaoui, Amy, & Brdjanovic, 2011; Hubner, Seiwert, Reemstsma, & Jekel, 2014; 
Nalinakumari, Cha, & Fox, 2010; Trussell B. , et al., 2018; Trussell, Tiwari, Gerringer, & 
Trussell, 2015; Trussell S. , Trussell, Qu, & Trussell, 2017). These studies typically 
calculated the required influent flow rate to achieve the desired HRT based on soil 
properties. By fixing the HRT, experiments can be directly compared to full-scale SAT 
Figure 15. Combined vadose and saturated zone soil column simulation 
(Trussell, Tiwari, Gerringer, & Trussell, 2015) 
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operations and other columns studies despite differences in geology. Trussell et al. (2017) 
used a six-month HRT to evaluate the benefits of the six-month HRT requirement for 
many California SAT systems. 
Other studies used a constant influent flow rate, or hydraulic loading rate (HLR), in soil 
column experiments ranging from 0.74 to 125-cm/d (Ascuntar-Rios, Madera-Parra, Pena-
Varon, & Sharma, 2014; Essandoh, Tizaoui, & Mohamed, 2013; Pan, Xiong, Huang, & 
Huang, 2017). This method allows the soil column experiment to be tailored to simulate 
recharge operations that have discharge quantity requirements.  
5.1.4. Column Size 
Full-scale SAT systems with 30-meter vadose zones and thousands of meters of saturated 
travel cannot be reconstructed in a laboratory, so soil column size is scaled down. 
Experiments focusing on vadose zone treatment performance typically understand that 
most contaminant removal occurs within the upper 1.5-meters of infiltration, so many 
studies use soil columns between two and five meters (Ascuntar-Rios, Madera-Parra, 
Pena-Varon, & Sharma, 2014; Drewes, Dickenson, & Snyder, 2011; Drewes & Jekel, 
1996; Linlin, Xuan, & Meng, 2011; Sharma, Hussen, & Amy, 2011). Other studies 
analyzed just the top portion of the vadose zone with columns between 30 and 120-
centimeters (Ak & Gunduz, 2013; Essandoh H. , Tizaoui, Mohamed, Amy, & 
Brdjanovic, 2010; Pavelic, et al., Laboratory assesment of factors affecting soil clogging 
of soil aquifer treatment systems, 2011).  
Experiments analyzing both vadose and saturated conditions sometimes extend flow 
length by connecting columns in series. Trussell et al. (2017) connected three 12-foot soil 
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columns in series, with one column under unsaturated and two under saturated 
conditions. Similarly, Drewes, Dickenson, and Snyder (2011) ran source water through 
four four-foot columns in series.  
There is some concern of preferential pathways occurring along the interface of the soil 
media and the glass or plastic column. Smith and Dillon (1997) determined that edge 
effects are negligible if the column diameter to grain size ratio is greater than 30. This 
condition is easily satisfied by all the experiments using sandy media and columns 
ranging between 1.9 and 25-centimeters inner diameter (Ak & Gunduz, 2013; Ascuntar-
Rios, Madera-Parra, Pena-Varon, & Sharma, 2014; Drewes, Dickenson, & Snyder, 2011; 
Drewes & Jekel, 1996; Essandoh H. , Tizaoui, Mohamed, Amy, & Brdjanovic, 2010; 
Essandoh H. , Tizaoui, Amy, & Brdjanovic, 2011; Linlin, Xuan, & Meng, 2011; Pavelic, 
et al., 2011; Sharma, Hussen, & Amy, 2011). Abel et al. (2013) even roughened the 
inside of the column to minimize preferential flow.  
5.1.5. Bioacclimation  
Biodegradation of contaminants is the primary contaminant removal mechanism of SAT, 
so SAT simulations need to ensure there are well-developed microbial communities 
within the soil columns. This is especially important in column studies because microbial 
populations in the soil media may be disturbed during relocation, or they may be 
nonexistent to begin with, as is the case with technical sands.  
Bioacclimation is the process in which source water is applied to the columns for a period 
while the microbial communities grow. Bioacclimation is performed until effluent bulk 
organic concentration reaches a steady state. This can typically take between two and six-
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months (Abel C. D., Sharma, Bucpapaj, & Kennedy, 2013; Ascuntar-Rios, Madera-Parra, 
Pena-Varon, & Sharma, 2014; Essandoh, Tizaoui, & Mohamed, 2013; Essandoh H. , 
Tizaoui, Amy, & Brdjanovic, 2011; Linlin, Xuan, & Meng, 2011; Trussell, Tiwari, 
Gerringer, & Trussell, 2015; Trussell S. , Trussell, Qu, & Trussell, 2017). 
5.2. Soil Column Results 
The broad range of soil column experiment designs yield varying results, shown in the 
appendix, Table A- 1. Bulk organic removal has been shown to be quite effective, with 
DOC removal rates between 45 and 92% (Abel C. D., Sharma, Bucpapaj, & Kennedy, 
2013; Ak & Gunduz, 2013; Essandoh, Tizaoui, & Mohamed, 2013; Essandoh H. , 
Tizaoui, Amy, & Brdjanovic, 2011; Trussell, Tiwari, Gerringer, & Trussell, 2015). The 
highest bulk organic removal occurred in columns with unsaturated zones, less clayey 
media, and lower HLRs (Abel C. D., Sharma, Bucpapaj, & Kennedy, 2013; Essandoh, 
Tizaoui, & Mohamed, 2013). 
Nitrogen removal showed even more variability between studies, with TN removal 
ranging from 25 to 90%. The lowest TN removal occurred during the Essandoh et al. 
(2011) study of SAT under saturated conditions—verifying the importance of an aerobic 
zone for nitrification. Other studies considered ammonium removal rather than TN, as 
denitrification was limited by column length and subsequent minimal anoxic zone. Abel 
et al. (2013), for example, found 75% removal of ammonium but increased nitrate 
concentrations.  
Betancourt et al. (2019) found pathogen removal to be dependent on the type and 
structure of the pathogen but still reported 3.5-log removal for the most tenacious virus 
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after 15.4 days and 4.4-meters of travel. The authors suggest that attachment to soil 
grains was more important than degradation for viruses. 
5.3. Analysis of SAT Mechanisms through Comparison of Soil Column Studies 
Under the broad range in experimental methods and results, it is difficult to form 
comprehensive conclusions for the entire set of soil column studies. We can, however, 
dissect and compare the minutiae of these studies to glean some insight into the 
mechanisms of SAT. 
5.3.1. Geologic Composition 
Beginning with soil composition, Gungor and Unlu (2005) directly compared nitrate 
removal in three soil media. They found that loamy sand removed slightly more nitrate 
than sandy clay loam, and sandy loam removed significantly less than the others (93%, 
90%, 73% NO3-N removal, respectively). One cannot fit a linear trend relating nitrate 
removal rates to grain-size distribution, as the media with the most fines performed 
nearly as well as the coarsest media, and the intermediate media removed the least nitrate. 
Considering SOM adds further complexity. The sandy clay loam has nearly triple the 
SOM of the loamy sand and 57% more than the sandy loam. This points to the relative 
importance of SOM in nitrate removal and suggests that, in this instance, the benefits of 
SOM to nitrate removal override the diminished removal caused by increased fine 
particles.  
Essandoh et al. (2013) conducted the only other study directly comparing soil media to 
nitrogen removal. The authors found that a mix of 65% sand, 25% silt, and 10% clay 
(sandy loam) removed more nitrate than pure silica sand (100% vs. 93% NO3-N 
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removal), but less DOC (68% vs. 82% DOC removal). Neither the sand nor loam in the 
Essandoh et al. experiment contained SOM. These results contradict those of Gungor and 
Unlu (2005), in that the coarser soil removed less nitrate than the finer soil. Differences 
in experimental methods between these studies may have caused discrepancies in the 
nitrate removal results. Essandoh et. al, for example, operated the soil columns in 
saturated conditions with upward flow, while Gungor and Unlu used unsaturated, gravity 
driven flow. Additionally, source water nitrate concentration is three-times higher in the 
Gungor and Unlu study, and HRTs are longer as well.  
The Essandoh et al. (2013) study did find DOC removal rates to be higher in the sand 
than sandy loam. The study measured microbial populations within the columns and 
found that the sandy loam had fewer microbes than sand, suggesting that finer media 
have less interstitial space support microbial attachment. Bulk organic removal was also 
lower in field-soil columns compared to sand in both the Ascuntar-Rios et al. (2014) and 
Nalinakumari, Cha, and Fox (2010) studies. 
5.3.2. Hydrogeologic and Geochemical Conditions 
There seems to be little consistency in treatment performance in columns operated under 
saturated conditions and those unsaturated conditions. The Essandoh et al. (2013) study 
ran one sand-filled column under gravity flow with variable unsaturated zone depth. The 
unsaturated column removed more DOC than the saturated columns but removed 
significantly less nitrogen. This corroborates the general understanding that effluent 
organic matter is largely degraded by aerobic bacteria in the vadose zone. It does not, 
however, seem to verify the traditional process of oxic nitrification and anoxic 
denitrification. One important methodology to note in the Essandoh et al. study is that the 
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saturated columns received water with dissolved oxygen levels above 9 mg/L, which may 
have allowed for aerobic biological processes in the saturated columns.   
Essandoh et al. (2011) also utilized upward flow in soil columns to create saturated 
conditions and found similar results to the Essandoh et al. (2013) study, with 92% DOC 
removal and 25% TN removal. The main distinction between these studies is that 
Essandoh et al. (2011) used a synthetic primary wastewater with 33% higher DOC than 
Essandoh et al. (2013). It is possible biodegradation of this increased DOC more quickly 
depleted dissolved oxygen and hindered denitrification.  
Trussell et al. (2017) operated an upward-flow column in a way that better simulates 
typical SAT conditions, by placing it in series after a gravity-flow column. Dissolved 
oxygen was diminished by the time it reached the saturated column, producing a distinct 
redox interface. The study found TOC removal rates around 70% after both one-month 
and six-month saturated residence times. Up to 54% of the TOC removal, however, 
occurred in the unsaturated column, reinforcing the importance of the upper vadose zone. 
Nitrogen removal in the Trussell et al. (2017) study was significantly improved (from 42 
to 92% TN removal) between one-month and six-month saturated HRTs. This points to 
the importance of HRT in SAT. As denitrification is a slower process than aerobic 
degradation processes, the longer HRT removes more nitrogen. The other studies cannot 
necessarily corroborate this; Essandoh et al. (2013) found up to 93% nitrate removal at a 
1.23-day HRT and Abel et al. (2013) actually found a decrease from 74 to 39% nitrate 
removal when HRT was doubled. However, the Trussell et al. study tested HRTs in a 
manner more comparable to full-scale SAT systems, so their results arguably have more 
validity when comparing to full scale systems.  
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5.3.3.  Source Water Quality 
Source water quality appears to have some impact on SAT in soil columns, particularly 
on nitrogen removal. Studies with bulk organic concentrations between 11 and 20-mg/L 
reported the nitrogen removal rates averaging 75%, while studies with bulk organic 
concentrations outside of that range, both higher and lower, averaged 47% nitrogen 
removal. The 10 to 20 mg/L range seems to be ideal because enough aqueous carbon is 
displaced into the anoxic zone for denitrification, but there is not an excess of organics 
that would rapidly deplete oxygen in the upper soil layers.  
5.3.4. Operational Methods 
Only a couple studies evaluated the effects of wetting and drying cycles on SAT in soil 
columns. Gungor and Unlu (2005) evaluated treatment under three days wetting, four-
days drying and seven-days wetting, seven-days drying cycles. They found the greatest 
infiltration rates and nitrogen removal (95%) during the seven-days wetting, seven-days 
drying loading regime. Pan et al. (2017) compared continuous wetting to a two-day 
wetting, five-day drying cycles and found substantially higher nitrate, ammonium and 
COD removal in the cyclically loaded column (Figure 16). This proves the benefit of 
cyclical loading and validates the importance of maintaining aerobic conditions in the 
upper, unsaturated soil layers.  
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5.3.5. Limitations of Soil Columns  
Soil column simulations are useful for assessing SAT processes in a controlled 
environment, but they cannot account for many of the conditions present in operational 
recharge systems. Soil column media are designed for homogeneity to avoid anomalous 
results, but most real aquifers have a variety of geologic features and soil compositions.  
The Shafdan aquifer, for example, is comprised of numerous clay lenses, sandstone 
formations, and silt deposits (Figure 9). While some of these neglected features may 
improve SAT performance, like clays that adsorb ammonium, others may reduce 
Figure 16. Temporal contaminant removal comparing continuous and wetting/drying loading 
regimes (Pan, Xiong, Huang, & Huang, 2017). 
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treatment potential. Karst formations, for example, reduce contact time and media 
interaction, thereby reducing SAT efficacy (Assad & Jordan, 1994). 
The reduced scale of soil column experiments also affects the accuracy of SAT 
simulation. Soil columns will have a limited redox interface, and many studies used 
completely oxic columns with no redox transition at all. Moreover, the relatively short 
columns may provide mobility and dispersal of bacteria through the entire columns. In 
recharge systems, the prevalence of denitrifiers decreases significantly in the deeper 
reaches of the aquifer as available organic carbon decreases (Chen, et al., 2018). SAT 
simulation columns that provide extended residence within a biologically active zone, 
like Trussel et al. (2017), may be inflating nitrate removal potential by allowing extended 
contact time with bacteria that would not occur in nature.  
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6. EVALUATION OF SAT FACTORS BY SYTHESIS OF LABORATORY AND 
FULL-SCALE STUDIES 
The controlled environments of soil column studies complement analyses of full-scale 
operations in our understanding of SAT mechanisms. Using the trends elucidated in the 
laboratory, we can validate the five important factors of SAT in the field, and we can 
develop new insights to the mechanisms of SAT. 
6.1. Geologic Composition 
Comparing the geologic composition between full-scale and lab-scale studies reveals 
little regarding optimal soils for treatment performance. In soil columns, it seems that 
some amount of fine material enhances treatment by increasing contact time, but too 
much fine material inhibits microbial growth by reducing interstitial pore space 
(Essandoh, Tizaoui, & Mohamed, 2013). Excessive fines also encourage clogging as 
organic matter and biomass accumulate (Ascuntar-Rios, Madera-Parra, Pena-Varon, & 
Sharma, 2014). Most of the evaluated infiltration basins consisted of soil media between 
sand and sandy loam, except for Mesa NWWRP, which has a low-infiltrating, clayey 
soil. Mesa NWWRP showed the poorest contaminant removal, but several other factors 
contribute to its lesser performance. Thus, it seems that optimal soils for SAT range from 
sand to sandy loam. 
6.2. Geochemical Conditions 
The geochemical factors contributing to SAT performance are likewise difficult to 
isolate, mostly due to lack of field study data. In the column experiments, soils with more 
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clay removed slightly more nitrogen than sand-only columns. This may be evidence of 
ammonium adsorption on the negatively charged clay particles. The large, interspersed 
clay layers in the Shafdan aquifer may also contribute to the operation’s superior nitrogen 
removal. The other adsorption mechanism parameters—positively charged oxides in soils 
for anion adsorption and hydrophobic SOM for non-ionic organic compound 
adsorption—were largely neglected by all the studies.  
The biochemical interaction parameters, namely redox conditions, are largely 
encompassed by other SAT factors that influence oxygen distribution, such as 
hydrogeology and loading. Soil column experiments and field studies alike looked at the 
effects of redox cycling, but none evaluated contaminant removal against redox potential. 
At Mesa NWWRP, Fox, Aboshanp, and Alsmadi (2005) measured a decrease in the soil’s 
iron concentration after 30-centimeters of recharge. Iron oxides dissolve at a low redox 
potential, so iron oxide dissolution so near to the surface indicates a very short zone in 
which redox conditions are adequate for reactions that use O2 as an electron acceptor.  
This means that nitrification also has limited opportunity to occur due to the short redox 
interface achievable in soil columns. Also, although pH also affects redox potential lab-
scale studies by Abel et al. (2013) and Trussell et al. (2015) found only nominal changes 
in pH through the columns.  
6.3. Hydrogeological Conditions 
There are definite limitations of relating soil columns results to hydrogeological factors 
of full-scale SAT, mostly due to the reduced scale. The prominent contaminant removal 
in the upper vadose zone, however, is confirmed by soil column studies. Essandoh et al. 
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(2013) found over 80% DOC removal within the first 150-mm of unsaturated infiltration 
through a pure-sand column, as well as nitrification rates that amassed to nearly 100% 
ammonium removal within the same distance. Though there is less sampling within the 
upper vadose zones in field studies, Fox, Aboshanp, and Asmaldi (2005) found 50% 
DOC removal after 1.5-meters of infiltration at Mesa NWWRP, and Laws et al. (2011) 
found complete ammonia removal in the short, 2.4-meter vadose zone at Montebello 
Forebay. The Laws et al. study measured the presence of ammonia-oxidizing bacteria 
(nitrifiers), proving their importance in aerobic conversion of ammonium to nitrate.  This 
preponderance of consistent results between lab studies and full-scale studies clearly 
suggests that the aerobic, upper vadose zone plays the most significant role in typical 
SAT systems. 
The lower, anoxic portions of recharge basin vadose zones are not well-explored by soil 
column experiments because of their limited depth, yet this portion is believed to be 
responsible for much of the denitrification reported by the SAT systems with deep vadose 
zones. Amy and Drewes (2007) discovered nitrate to be the primary electron donor after 
1.5-meters of infiltration at Tucson SWRF which corresponded to complete DON 
removal in the vadose zone. Studies at the Shafdan recharge facility also reported that 
three-quarters of TN removal occurred in the vadose zone (Mienis & Arye, 2018). The 
lower vadose zone appears to be so significant in systems with deep water tables because 
of the extensive, reactive redox interface that forms.  
In nearly all the field sites, the saturated zone played a very minor role in contaminant 
removal, yet saturated soil column studies found impressive removal of both bulk 
organics and nitrogen. Thus, these saturated soil column results are more tenuous to 
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apply to full-scale SAT operations. For example, five years and 1,000-meters of travel in 
the Shafdan saturated zone produced just 1.0-mg/L additional DOC removal (Elkayam, et 
al., 2018), while approximately two days of saturated flow in the Essandoh et al. (2011) 
soil columns removed almost 25-mg/L of DOC. Likewise, six months of saturated 
residence time in the Trussell et al. (2017) soil column removed substantially more 
nitrogen than any of the field sites—even those with saturated residence times of 96-
months. These discrepancies, as discussed in the previous section, were potentially 
caused by displacement of denitrifiers and aqueous carbon through the entire saturated 
zone, where they would not be in real aquifers (Chen, et al., 2018).  
Another explanation for the better saturated contaminant removal by soil columns 
suggests that SAT can still be effective without a vadose zone that removes a majority of 
contaminants. Columns in Essandoh et al. (2011) were completely saturated, and 
saturated flow in Trussell et al. (2017) followed a relatively short (four meter) 
unsaturated column. The short or nonexistent unsaturated regions allow for high 
contaminant loading to the saturated portion which was well treated by the two studies. 
Thus, it may be concluded that removal mechanisms in the saturated zone are less 
efficient under low contaminant levels. This could explain how percolation through a 
completely saturated aquifer at Fresno and Dinuba removed 70 and 80% of nitrate, 
respectively, especially considering that Dinuba’s source water was laden with 55-mg/L 
nitrate-N (Hogg, et al., 2013). 
The differences in the influence of residence time point to a possible misconception held 
by governing agencies that require long aquifer retention of recharged wastewater before 
use as in drinking water. California, for example, requires two to 12 months of retention 
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for IPR projects (US EPA, 2017). This requirement could be deemed unnecessary by the 
full-scale studies that show minimal saturated zone contaminant removal. These studies 
that reported minimal saturated zone contaminant removal did achieve more than 85% of 
the total bulk organic removal within the vadose zone, so forgoing extended residence 
times may not be justified for systems with less effective vadose zones. 
Extended residence time is important in pathogen inactivation, however. Most SAT 
operations in the United States disinfect source water before infiltration, but proposed 
SAT sites attempting to forgo disinfection and use the treatment capabilities of the 
aquifer, should base residence time on pathogen inactivation time. Pescon and Post 
(2020) found virus inactivation to occur at one-log virus removal per month in soil 
column studies, which may be a useful rule-of-thumb for estimating residence time 
requirements.  
6.4. Operational Methods  
Wetting and drying loading cycles have proven to increase contaminant removal in both 
full-scale and soil column studies. The two SAT systems that operate in wetting and 
drying cycles, Tucson SWRF and Shafdan, reported the highest contaminant removal 
rates. While these systems have other elements contributing to their high performance, 
like deep vadose zones, the significance of wetting and drying cycles is confirmed by 
column studies. Pan et al. (2017) ran a side-by-side comparison of two similar columns 
under continuous wetting and wetting/drying cycles and found markedly better removal 
of ammonium, nitrate, and COD in the wetting/drying column. Moreover, the dissolved 
oxygen concentration remained higher through the depth of the wetting/drying column. 
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This result suggests that drying periods restore aerobic conditions in the aquifer that are 
necessary for nitrification and aerobic biodegradation of organics.  
6.5. Source Water Quality 
The amalgam of field and laboratory-scale studies is quite helpful in determining the 
optimal source water quality for SAT systems. In the soil column experiments, columns 
with source water bulk organic concentrations between 10 and 20-mg/L removed 
significantly more nitrogen than experiments outside of this range (Figure 17). This trend 
is corroborated when extended to full-scale SAT systems. The operations that recharged 
source water within the above range of bulk organics removed more TN than those 
infiltrating water outside the range. The upper limit of around 20-mg/L is determined by 
oxygen demand; source waters with higher bulk organic content incur rapid oxygen 
depletion which reduces the time available for nitrification. TN concentrations above 10-
mg/L have also been shown to excessively deplete oxygen during nitrification. 
The lower bulk organic limit around 10-mg/L is dictated by the carbon source required 
for denitrification. Source waters below this typically do not displace enough organic 
carbon into the anoxic zone for electron donation in the denitrification process.  
 
65 
 
 
Figure 17. TN removal vs. source water bulk organic concentration for full-scale and lab-scale 
studies. 
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7. CONCLUSIONS 
SAT is a capable and promising method for polishing wastewater effluent in IPR 
applications. Effective removal of contaminants, however, is largely contingent on five 
major factors, including geologic composition, geochemical conditions, hydrogeologic 
conditions, biochemical interactions, loading operations, and source water quality. By 
comparing studies of full-scale SAT systems with laboratory-scale soil column 
experiments, we evaluated the relative importance of each factors and explored the 
mechanisms that contribute to SAT performance. This evaluation provided insight into 
specific suggestions regarding siting and operation of SAT systems, to optimize SAT 
performance, as follows: 
i. The suboxic and anoxic lower vadose zone is critical in effective SAT 
operations. 
It has been established that most of the contaminant removal, especially of bulk organics 
and ammonium, occurs within the aerobic, upper portion of the vadose zone. Essandoh et 
al. (2013) found 80% DOC removal and complete ammonium removal within the first 
150-mm of an unsaturated soil column, and field studies at Mesa NWWRP and 
Montebello Forebay Research Basin measured majority DOC removal and the presence 
of nitrifying bacteria within the upper vadose zones (Fox, Aboshanp, & Alsmadi, 2005; 
Laws, Dickenson, Johnson, Snyder, & Drewes, 2011). There is, however, a dearth of 
information characterizing contaminant removal in the suboxic and anoxic regions of 
deep vadose zones.  
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Measurements of contaminant removal at the Tucson SWRF infiltration site showed only 
60% of the total DOC removal within the aerobic upper five meters of the 37-meter deep 
vadose zone, meaning that the remaining removal occurred in suboxic or anoxic 
conditions (Amy & Drewes, 2007). This removal can be explained by the extended redox 
interface that a deep vadose zone provides. The redox interface tends to be highly 
reactive (Chen, et al., 2018), making it the ideal environment for co-metabolism of nitrate 
and bulk organics in denitrification. Soil column studies and SAT systems with shallow 
water tables have too short of an oxic zone recreate this extended redox interface. 
Though siting a surface spreading basin is already difficult, especially in urban areas, 
municipalities striving to optimize SAT should use a location with a water table deeper 
than five meters. SAT systems with shallow vadose zones, like Mesa NWWRP, do 
remove a substantial portion of bulk organics, TN, and pathogens from effluent, and this 
may be acceptable for wastewater treatment plants using tertiary pre-treatment, but SAT 
systems with deep vadose zones, like Tucson SWRF and Shafdan, polish water to a 
significantly higher degree. 
It should be acknowledged that because of the lack of representatively sized soil columns 
in published studies, this recommendation is based solely on the six full-scale SAT sites 
and scientific understanding of the redox interface. Moreover, many of the existing 
monitoring wells used by these full-scale SAT studies were located either in the upper 
several meters of the vadose zone or deep in the saturated zone with little characterization 
in between. The spread of vadose zone depths between sites was also not uniform, with 
very deep vadose zones (Shafdan and Tucson) or very shallow vadose zones 
(Montebello, Mesa, Fresno, and Dinuba). This made it difficult to interpolate the optimal 
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vadose zone depth for contaminant removal the suboxic vadose zone. Thus, contaminant 
removal in the suboxic lower vadose zone should be studied in more depth for increased 
confidence in this recommendation.  
ii. Source water with a bulk organic concentration between 10 and 20-mg/L and 
TN less than 10-mg/L is ideal for nitrogen removal in SAT. 
Analysis of soil column experiments revealed that nitrogen removal rates were almost 
30% higher when the concentration of bulk organic material in the influent source water 
was between 10 and 20-mg/L. This trend is corroborated by the field studies, where the 
sites infiltrating source water outside the range found the poorest nitrogen removal rates.  
The lower limit of the range is controlled by the organic carbon source required as an 
electron donor in denitrification. Bulk organic concentrations less than 10-mg/L are 
mostly removed in the upper part of infiltration and cannot adequately supply denitrifying 
bacteria in the anoxic zone. When bulk organic concentrations are above 20-mg/L, 
aerobic microorganism rapidly deplete oxygen in the upper vadose zone, thereby limiting 
the amount of nitrification possible. TN concentrations above 10-mg/L result in similar 
rapid oxygen depletion but caused by excessive nitrification. 
This range of optimal bulk organics has several implications for wastewater treatment 
plants implementing SAT. Many conventional wastewater treatment plants produce 
effluent within this range of optimal bulk organics for SAT. Under the right aquifer 
conditions, treatment plants embarking on IPR projects may be able to forgo the 
expensive treatment train upgrades to tertiary or advanced treatment. California limits 
TOC in IPR sources to 0.5-mg/L (CDPH, 2009), so SAT would have to provide more 
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than 95% TOC removal. This is possible, as proven by the Dan Region Reclamation 
Project, but is a lofty ambition (Elkayam, et al., 2018). Alternately, flow of ambient 
groundwater can be considered a diluent to help meet treatment requirements (Pescon & 
Post, 2020). 
iii. Extended aquifer residence time provides little additional treatment in SAT 
systems with disinfected source water and vadose zones that account for more 
than 85% of the total bulk organic removal. 
It is a common belief that extended HRT within the lower saturated zone improves SAT, 
but full-scale studies show very little contaminant removal after the vadose zone. At 
Shafdan (20 to 40-meter vadose zone), DOC was reduced by only 1-mg/L after five years 
of saturated travel, and there were no pathogens detected below the vadose zone during 
10 years of measurement (Elkayam, et al., 2018). Moreover, travel through the aquifer 
accounted for only three-percent of the total DOC removal at the Mesa NWWRP site 
with a 1.6-meter vadose zone (Fox, Narayanaswamy, Genz, & Drewes, 2001). 
Some soil column studies do show excellent contaminant removal under saturated 
conditions, especially at longer travel times (Essandoh, Tizaoui, & Mohamed, 2013; 
Essandoh H. , Tizaoui, Amy, & Brdjanovic, 2011; Trussell S. , Trussell, Qu, & Trussell, 
2017). The accuracy of simulating natural SAT systems, however, is suspect. In these 
short columns, there is a thorough displacement of organics and easy migration of 
microorganisms through the entire length, whereas the presence of microorganisms in 
real aquifers quickly declines below the redox interface (Chen, et al., 2018). That said, 
strong nitrate removal in the completely saturated aquifers of Fresno and Dinuba may 
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suggest that SAT in the saturated zone is viable given high influent contaminant levels 
and that other removal mechanisms, like anammox, may be prevalent. 
Residence time is important for pathogen inactivation, however most SAT operations in 
the United States disinfect source water prior to infiltration. For those systems hoping to 
minimize disinfection cost and DBP creation by infiltrating non-disinfected source water, 
residence time should be determined by the time required to adequately inactivate 
pathogens. 
The relative insignificance of extended saturated flow residence time could reduce the 
constraint created by reclamation wells downgradient of proposed SAT locations. 
California, for example, requires two to 12-months of residence for IPR sources (US 
EPA, 2017). This could be quite difficult to achieve in aquifers with many dispersed 
drinking water wells, so allowing SAT systems nearer to water supplies could expand the 
opportunity for SAT projects. 
7.1. Further Research 
This thesis focused on the capability of SAT in removing the conventional contaminants 
of wastewater treatment. A panoply of recalcitrant contaminants, including disinfection 
byproducts (DBPs) and pharmaceuticals and personal care products (PPCPs) plague 
traditional wastewater treatment plants. Studies by Drewes, Heberer, and Reddersen 
(2002), Nalinakumari, Cha, and Fox (2010), Laws et al (2011), and others have assessed 
the capability of removing these contaminants in field and laboratory settings, but further 
research is required to better understand and predict their behavior in SAT. A study in 
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this field would also include an assessment of the secondary products created by 
biotransformation of organic compounds.  
Despite the breadth of soil column and field studies of SAT, there is still no way to 
predict the efficacy of treatment at a potential site using field assessment alone. Though it 
may take many years to accumulate the data required, further research that creates 
empirical performance relations and models, applicable to any aquifer, will be 
instrumental in expanding the use of SAT and encouraging groundwater sustainability 
throughout the world.  
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APPENDIX
 
 
Study Media 
SOM 
(%) 
Flow 
Direction 
Retention 
Time 
Source 
Bulk 
Organics 
(mg/L) 
Bulk 
Organic 
Removal 
(%) 
Bulk 
Organic 
Metric 
Source 
Nitrogen 
(mg/L) 
Nitrogen 
Removal 
(%) 
Nitrogen 
Metric 
Abel et al. (2013) Silica sand 0 Gravity 3.13 days 33 57.3 DOC 25.1 74.5 NH4+-N 
  Silica sand 0 Gravity 6.26 days 33 45.1 DOC 25.1 39.2 NH4+-N 
Ak & Gunduz (2013) Silt loam 1.5 Gravity 2.2-2.7 days 40 68.0 TOC - -   
Betancourt, et al (2019) 
50% sand, 50% sandy field 
soil <0.3 Gravity 15.4 days 6.8 35.0 DOC 8.7 8.0 NO3-N 
Nalinakumar, Cha, & Fox (2010) Mesa recharge soil - Gravity 20 days 6.1 51.0 DOC - -  
  Sand - Upward 20 days 3.2 62.5 DOC - -   
Essandoh et al. (2011) Silica sand 0 Upward 
12.2-51.8 
hours 27 92.0 DOC 9 25.0 TN 
Sharma, Hussen, & Amy (2011) Silica sand 0 Gravity 6.26 days 35 37.0 DOC 38 44.0 TN 
Ascuntar-Rios et al.(2014) River sand  Gravity - - 64.4 DOC - -  
  Field soil on top of sand   Gravity - - 56.2 DOC - -   
Trussell et al. (2017) Local aquifer soil 0.3 Gravity/upward 1 month 11 67.9 TOC 6.3 42.0 TN 
  Local aquifer soil 0.3 Gravity/upward 6 month 11 71.5 TOC 6.3 92.0 TN 
Fox, Aboshanp, & Alsmadi 
(2005) Sand 0.42 Gravity   10 37.0 TOC 7.2 -   
Gungor & Unlu (2005) Loamy sand 0.78 Gravity 1.8 days 45 - COD 9.12 93.0 NO3-N 
 Sandy loam 1.43 Gravity 8.4 days 45 - COD 9.12 73.0 NO3-N 
  Sandy clay loam 2.25 Gravity 7 days 45 - COD 9.5 90.0 NO3-N 
Hubner et al. (2014) Sand   Upward 5-6 days - 44.0 DOC - -   
Trussell et al. (2015) Spreading ground soil 0.4 Gravity/upward 4.7-7.2 days 5.5 62.0 TOC 3.7 90.0 TN 
Essandoh et al. (2013) Silica sand 0 Gravity 2.04 days 17 89.0 DOC 7.2 50.0 TN 
 Silica sand 0 Upward 1.23 days 17 82.0 DOC 3 93.0 NO3-N 
  65% sand, 25% silt, 10% clay 0 Upward 1.23 days 17 68.0 DOC 3.1 100.0 NO3-N 
Pan et al. (2017) Silt loam 0.67 Gravity   19.3 50.0 COD 15.6 70.3 NO3-N 
Table A- 1. SAT soil column experiment summary 
